Five different kinds of domestic-size renewable energy system configurations for very cold climate regions were investigated. From detailed numerical modeling and system simulations, it was found that the consumption of fuel oil for the auxiliary boiler in residentialtype households can almost be eliminated with a renewable energy system that incorporates photovoltaic panel arrays for electricity generation and two storage tanks: a well-insulated electric water storage tank that services the hot water loads, and a compact boiler/geothermal heat pump tank for room heating during very cold seasons. A reduction of Greenhouse Gas Emissions (GHG) of about 28% was achieved for this system compared to an equivalent conventional system. The near elimination of the use of fuel oil in this system makes it very promising for very cold climate regions in terms of energy savings because the running cost is not so dependent on the unstable nature of global oil prices.
Introduction
The Earth's climate is changing as a result of human activities one of which is the unabated use of fossil energy. In particular, world attention has in recent times been focused on global warming caused by greenhouse gases (GHG) such that in 1997, the third session of the Conference of Parties (COP3) held in Kyoto, Japan adopted a Protocol requiring the reduction of GHG. Also, the Third Assessment Report of the United Nations' Intergovernmental Panel on Climate Change (IPCC), produced by three working groups, focused on climate science, adaptation and mitigation (1) . The report concluded that there is a range of renewable energy options that could be implemented over the next 20 years to help reduce GHG.
Renewable energy systems at various stages of developments are already in use around the world and have been widely reported (2) - (4) . In particular, Japan whose energy supply depends heavily on imported fuels with all the attendant risks, must reduce her reliance on fossil fuels to achieve a stable energy supply and security (5) . According to 1995 figures (6) , CO 2 emissions from household (elec-tricity and fuel use) accounted for approximately 20% of all CO 2 emissions in Japan. An analysis of the growth rates of emissions between 1990 and 1995 also revealed that household emissions had grown by approximately 20% whereas industrial emissions had risen by about 5% which showed that household emissions had grown much higher than business-related emissions. Regarding changes in the sources of CO 2 household emissions, water heating, lighting and air-conditioning were all found to be emission growth areas (6) . As of the year 2003, GHG emissions from residential sources stood at about 170 million tons CO 2 , the 4th largest after industries, transportation and commercial ventures (7) . It is therefore imperative that ways to reduce residential energy consumption and GHG emissions be explored in order to meet the set target for the reduction of global GHG emissions. In the previous work (8) , we carried out detailed numerical studies for a particular configuration of domestic-size renewable energy system for use in cold climate regions. In order to estimate the annual energy balances of the system, two representative days (clearest and cloudiest) during each season of the year were used to compute the energy balances. This paper is a continuation of the earlier work and here, various designs of renewable energy systems suitable for cold climate regions are explored, with Kitami city (43
• 48 11N, 143
• 53 27E) as a case study. In very cold climate regions such as Kitami in eastern Hokkaido, very low ambient temperature coupled with low underground temperatures as well as minimal solar radiation in winter means that only an optimal combination of two or more renewable energy sources can lead to sufficient or considerable thermal energy production. In all the proposed systems, the solar energy collected with an array of photovoltaic (PV) panels or PV/thermal collectors as well as underground geothermal energy drawn with a groundsource heat pump are used as the primary renewable energy sources. All the systems are tailored to a residential household of four persons. There are five different kinds of proposed renewable energy system designs, each differing mainly according to the thermal storage arrangements and models used, as well as the modes of usage of the two principal renewable energy sources. Out of the five proposed renewable energy systems, one is recommended as most suitable for cold climate regions based on a combination of system performance parameters, and the running cost compared with equivalent conventional systems. Figure 1 shows the schematic of the domestic-size renewable energy system under consideration. The sys- Fig. 1 Schematic of a domestic-size renewable energy system tem provides electric and/or thermal energy using a PV or PV/thermal array of collectors mounted on the roof of the house. The performances of PV and PV/thermal collector modules were measured at the Kitami Institute of Technology. The azimuth angle of the system is zero (due south), with the total surface area of the solar panels at about 25.6 m 2 (40 modules) and inclined at 30
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• to the horizontal. During operation of the PV/thermal systems, heated propylene glycol is circulated through an external heat exchanger near the storage tank and is then led through a 70 W pump to three fan convectors at each room to provide room heating during cold seasons. Each of the fans is driven by a 30 W electric motor. Propylene glycol is also used as the heat transfer medium through the solar panel in order to avoid freezing conditions during the winter season. Rooms temperatures are set for air-conditioning at 25
• C between 6:00AM -11:00PM and 15
• C between 11:00PM and 6:00AM. Hot water from the storage tank is drawn directly to supply the load at the kitchen, bathroom, laundry and showers. The integrated hot water consumption profile (hot water demand pattern) and electricity demand pattern (for refrigerator, vacuum cleaner, and other home appliances) for a typical family of four in Kitami city are shown in Fig. 2 . Figure 3 shows the building thermal load requirement (space heating demand pattern) during a clear day in winter. Solar energy gains (also indicated in the figure) through the building fenestrations (windows and skylights) were taken into consideration in computing the demand profile. These load consumption patterns were applied to all the different systems considered in this work. A ground-source heat pump is also operated with city electricity. The electrical energy produced by the PV or PV/thermal solar panel can be sold to an electric company through an inverter with 85% conversion efficiency. The price of selling electricity from the PV panels was assumed to be 23.23 Japanese Yen per kWh. This sold electricity actually offsets the cost incurred in using the city electricity to run equipment such as the collector and room heater circulation pumps. For Systems 1 to 4 (described in section 3), the minimum hot water supply temperature (T DHW ) is 40
• C while 80
• C is the hot water supply temperature in System 5. Also present in all the system configurations described in section 3, are the GHP, thermal storage tank(s) and the kerosene boiler. Their actual configurations depend on the particular system under consideration. The PV/thermal collectors used for simultaneous thermal and electrical energy production are only present in Systems 1, 2 and 3 while the PV solar cells are used only in Systems 4 and 5 for the generation of electricity. The same building envelope (roof, walls, windows, floor, etc.) was used for all the renewable energy system configurations. The simplified meteorological data models as well as the system components' models used in the simulations have been described in details in our previous work (8) . They are briefly summarised as follows.
1 Simplified meteorological data model
A simplified annual meteorological data estimation method based on two representative days was applied to actually measured hourly direct normal and global horizontal radiations and ambient temperature profiles throughout an entire year. During each season of the year, two representative days with the highest and lowest total radiation on the inclining plane were selected and designated the clearest and cloudiest days respectively. Each season was then divided into a clear and cloudy day groups and clear and cloudy days' ratios were computed for the two groups. The mean temperature profiles of the clear and cloudy day groups were used for system simulations during the clearest and cloudiest days respectively, resulting in a total of eight, 1 440 minute-by-minute representative simulations for the entire year.
2 PV Solar cells and PV/thermal collector 1 Electrical efficiency
For a PV cell, the dependence of the cell efficiency, η e on the cell temperature, T cell was predicted according to:
T ref is the reference temperature (25 • C) and β ref is the maximum power point efficiency coefficient which is also a function of temperature. The average surface temperature of the PV, T cell was evaluated through an energy balance. The total electrical yield was computed as the product of the electrical efficiency and the total available solar radiation on the panel area. Equation (1) was used to compute the electrical efficiencies of the PV solar cells as well as the PV/thermal collectors. However, the maximum power point efficiency, η 0 of the PV cells with only a single layer of protective glass, is slightly higher than that for the PV/thermal collectors with double glass covers which reduces the transmittance of solar radiation available for electricity production. For the PV cells, η 0 was taken as 0.125 and 0.115 for the PV/thermal collectors.
2 Thermal efficiency
The thermal characteristic of the commercial PV/thermal module measured at KIT and used in the simulations is:
where η th is the thermal efficiency, I is the instantaneous solar intensity and ∆θ is the temperature difference between the solar panel inlet and the outlet. Because efficiency is normally indicated for zero angles of incidence of available radiation, an incidence angle modifier coefficient was used to correct for incidence angles other than zero. The total thermal yield was evaluated as the product of the thermal efficiency and the total available solar radiation on the panel area. The seasonal total available solar radiations on the solar panel inclined surface (including diffuse and ground-reflected portions) during the four seasons of the year are summarized in Table 1 . For the PV/thermal collector control, an on/off control strategy was assumed that requires two temperature sensors, one in the bottom of the storage tank and the other at the exit portion of the solar panel. The turn-on and turn-off criteria were set such that ∆T off = 0.5 • C and ∆T on = 10∆T off . 
3 Geothermal heat pump
The geothermal heat pump was assumed to be operated at a constant coefficient of performance (COP) of 3 and to supply a constant power of 3 kW whenever it is operational, resulting in a total thermal output of 9 kW. The capacity of the geothermal heat pump was estimated based on the actual ratings of conventional room heaters in the northern cold region of Japan such as in Kitami city. Typical household heaters are normally rated between 6 kW and 8 kW and it was estimated that a 3 kW geothermal heat pump with a COP of 3 would be sufficient for room heating and also supplement the hot water supply during cold seasons. On/Off control strategy was assumed for the operation of the heat pump. Because the setting temperature of the storage tank (40
• C) was constant and the GHP was turned 'on' when the storage tank temperature fell below about 35
• C, the outlet temperature of the GHP was almost constant. The average ground temperature is always about 8
• C in Kitami City. It was assumed that the geothermal tube would be inserted sufficiently deep into the ground so that fluctuations of the return temperature from the ground would have no significant effects on the COP of the GHP.
4 Kerosene boiler
In all the different system configurations considered in this work, the kerosene boiler was used to supplement the thermal supplies to the loads when the thermal inputs from the PV/thermal collector and the GHP are insufficient to meet the load supplies. In all the cases considered, a boiler efficiency of 0.9 was always assumed.
5 Heat exchangers
An enthalpy-based effectiveness of 0.8 was assumed for all heat exchangers and the counter-flow configuration was also assumed, except the ventilation heat exchanger of the house (section 4) where the cross-flow configurations are normally used in practice.
Renewable Energy System Configurations

1 PV/thermal collector with a fully mixed tank
(System 1) This is the reference system to which various other designs will be compared with. Detailed numerical studies for this system have already been completed in our previous work (8) . The system uses a single large water storage tank of capacity 0.5 m 3 (500 Litres) and the tank is assumed to be well mixed and at a uniform temperature at all times. The internal diameter and tank height were 0.65 m and 1.51 m respectively. In this system, both electricity and thermal energy are generated through the hybrid (PV/thermal) collector mounted on the roof of the house. Geothermal heat is supplied through a ground-source heat pump in series with the storage tank to maintain the tank temperature at about 40
• C during prolonged periods of load demands and when the solar panel is not operational. A collector mass flow rate of 0.018 kg·m −2 ·s −1 was used for the simulations. The configuration of this system, with the supplies and withdrawals is shown in Fig. 4 . If T tank denotes the bulk temperature of the tank, then the energy balance of the tank during any time is given by:
3. 2 PV/thermal collector with stratified tank (System 2) The thermal storage tank (0.5 m 3 ) was modelled as a thermally stratified tank and is similar to System 1 except for the storage tank configuration used (Fig. 5) . The internal diameter and tank height were respectively 0.60 m and 1.77 m. Thermally stratified tank systems require low collector flow rates in order to maintain effective stratification. Typically, roughly one-seventh of the conventionaltype flow rates have been used for stratified tank models and the calculated performance of solar hot water systems for domestic, commercial and industrial use can be improved by as much as 38% (9) . Using stratified modelling, energy savings ranging from 1% to 20% have also variously been reported (10) - (12) . However, the annual energy savings from a stratified tank model is not universal and seems to depend on other factors like the prevailing climatic pattern and the insolation profiles recorded at the areas of applications. Whereas Hollands, et al. (9) and Ghaddar (12) respectively reported high annual energy savings of 38% and 20%, Jordan and Furbo (10) and Cristofari et al. (11) respectively reported annual savings of 1 -3% and 5.25%. In the present system, a 4-node thermal strati- fied tank system was assumed (for conservative estimates) with the geothermal heat pump delivering thermal energy to the topmost (first) node, from where hot water and room heating loads are also supplied. Energy balances were computed for each node of the tank. The input to the PV/thermal collector was through a heat exchanger, drawn from the bottommost node in order to improve the efficiency of the collector. A collector mass flow rate of 2.5 × 10 −3 kg·m −2 ·s −1 was used for the simulations. The flow distribution into an i-node tank is illustrated in Fig. 6 . This system assumes a variable inlet configuration because it requires fewer nodes than a multinode model with fixed inlets for equivalent accuracy (13) . Upward flow streams between nodes denote upward fluid displacements due to lower temperature water injection and downward flow streams account for fluids cascading downwards through the tank volume when there is input from the solar collector. The following control functions are defined for the system: F c i is the collector injection control function which determines which node receives the collector output as follows:
is the cold water injection control function and determines which node receives the city water supply as follows:
F h i is the room heater return (through a heat exchanger) injection control function and determines which node receives the heater return fluid as follows:
n is the total number of stratified segments (4 in this case). The net flow between nodes can be either up or down depending on the magnitudes of the various flow rates entering each segment. A mixed flow rate (14) can be defined for each segment to account for the movement of fluid among nodes due to the various injections from the solar panel, city water and the room heaters. The mixed flow rate is defined as follows:
The geothermal heat pump was configured as follows:
In Eq. (8), the thermal input of 9 kW into the first node only occurs whenever the heat pump is operational. With the control functions enumerated above, an energy balance on node i can be written as:
U i is the heat loss coefficient of the tank segment (W/m 2 ·K), A i is the surface area of the storage tank associated with node i and T room1 is the room temperature where the storage tank is located. In this system, thermal input from the PV/thermal collector into either storage tanks is controlled by the bulk temperature of the two tanks. A collector mass flow rate of 0.018 kg·m −2 ·s −1 was used for the simulations. With a double storage tank, energy savings are envisaged because the collector can be made to operate earlier in the morning and later in the day and the extra energy stored in the low tank connected in series with the main tank that supplies the load. Thus, this otherwise wasted low grade thermal energy can be recovered during draw-offs since the 'high tank' is refilled with hot or warm water from the 'low tank' and the 'low tank' is replenished with cold water from the city supply. Using a multi-tank system has been shown to be more effective than a single large tank. Mather et al. (15) concluded that while not strictly constituting stratification, using a multi-tank system has a partitioning effect that is similar to real stratification of water. They called this system effective stratification and in their system, the individual tanks in the multi-tank system were interconnected by means of two strings of immersed-coil heat exchangers. In the double-tank system considered in this paper, the two tanks are connected by a direct supply system in which the same quantity of water drawn for load supplies is replenished in both tanks. Using a fully mixed model for both tanks, the energy balances for this system can be written as follows:
In Eqs. (10) and (11), the terms H panel are not equal and only one of them can be nonzero during any time step. Also the terms H Tank2 and H supply are actually negative entities since they effect energy reductions in the tanks. For example,
where m sup is the mass of hot water withdrawn from Tank1 for load supplies and m supply and T supply denote the mass and temperature of the city water supply respectively. The 
4 PV cells with single storage tank (System 4)
This system uses a single large water storage tank of capacity 0.5 m 3 (500 Litres) and the tank was assumed to be well mixed and at a uniform temperature at all times. The internal diameter and tank height were 0.65 m and 1.51 m respectively. There were no PV/thermal collectors in this system but only PV solar cells mounted on the roof for electricity generation. If T tank denotes the bulk temperature of the tank, then the energy balance of the tank during any time is given by:
5 PV cells with electric storage tank (System 5)
The configuration of System 5 is shown in Fig. 8 . PV arrays are mounted on the roof for electricity generation. There are two storage tanks with capacities 0.1 m 3 (100 L) and 0.025 m 3 (25 L). The internal diameter and tank height of the first tank were respectively 0.35 m and 1.25 m, while the values for the second tank were 0.20 m and 0.80 m. In the first tank, which is referred as the 'high temperature tank', an electric heater (coil) is used to deliver thermal energy to heat the water in the tank to about 80
• C just before commencement of load supplies in the morning. In Japan, the price of electricity during the night is lower than the charge during the day and the objective here is to enable substantial energy savings by making use of the lower cost of electricity during the night. A single 2 kW coil, immersed in the high temperature tank is sufficient to raise 100 kg water in the tank (including losses from the tank) from about 5
• C (city water supply temperature during winter) to about 80 • C within 5 hours before load supplies (see Fig. 2 for the hot water consumption profile). A thermal insulation of 50 mm fiber glass was assumed for the high temperature tank. During actual operation, the starting water temperature during charging will be about 10
• C (during the winter) after mixing the cold water from the city water supply with the remnant inside the tank at a higher temperature. The second, smaller tank is mainly a boiler tank which is solely used for room heating through a forced (fan) convection system. The ground-source heat pump is the primary source of energy in this tank and the oil-fired boiler is only used during prolonged period of room heating when the energy from the heat pump is insufficient. Denoting the high temperature electric tank as Tank1 and the boiler/heat pump tank as Tank2, energy balances can be written as follows:
where j is in minutes. The mass of water in Tank1 is a function of the time of day and there is no immediate replenishment of water as load supplies are made. In Eq. (15), the term H losses includes the jacket losses from the tank as well as pipe losses in the distribution lines. Pipe losses were taken as 6% of the total energy delivered into the tank while in Systems 1 to 4, pipe losses were taken as 3%. There was no energy delivery effectiveness associated with the electric coil and it was assumed that all the thermal energy was delivered into the storage tank with 100% efficiency.
where m bal in Eq. (17) denotes the balance of the mass of water required to completely refill the tank after a previous day's use at the prevailing tank temperature.
House Heat Loss Modelling and Equivalent Q Value
The heat loss from the house greatly affects the performance of the system components and also influences the annual energy balances of the system. The exterior view of the residential-type house under consideration is shown in Fig. 9 . Detailed modelling was done for this 'model' house in order to determine the total heating load during the winter, spring and autumn seasons and the cooling load during the summer. In very cold climate regions such as Kitami (43
• 53 27E), heating loads during the cold seasons are considered more important than cooling loads during summer such that the houses are always designed and constructed to be as 'highly insulated' as possible. In modelling the house for heat losses Fig. 9 Exterior view of the residential-type model house and gains, radiative, conductive and convective heat exchanges across the walls, windows, floors and roof were computed and accounted for. Across each building component, the "overall thermal resistance" concept was used in evaluating the heat transfer between the indoor and the outdoor through component assemblies. In this concept, the total thermal resistance across a building component assembly (such as a wall assembly) from indoor to the outdoor is the sum of the thermal resistances across the intervening constituent assemblies. Heat transfers arising from ventilation and air leakages around the building envelope were also taken into consideration. Solar heat gains through the building fenestrations (windows and skylights) were included in the model as thermal gains. However, radiation exchanges in the forms of net short-wave and long-wave radiation fluxes between room lighting sources and other electrical appliances were not taken into consideration in the house model. Radiation heat transfer between the room interior and the inside surface of the walls were assumed to be at the prevailing average room temperature while the outside radiative heat transfer was evaluated at the prevailing ambient temperature. Still air was assumed inside the rooms and the heat transfer coefficient (inside film coefficient) was taken as 8.29 W/m 2 K. The outside heat transfer coefficients (outside film coefficients) at the walls, roof and windows were referred to the local wind velocity V wind, (m/s) according to Watmuff, et al. (16) :
The average ground temperature during the winter season was assumed as about 4
• C and the ground thermal conductivity was taken as 0.5 W/mK. The thermal conductivity of the wall insulation was taken as 0.038 W/mK. All windows were of double glass configurations. In order to effectively parameterize the effectiveness of heat retention in the house, an equivalent Q value is frequently described and used in the building industry in Japan. An equivalent Q value of about 1 W/m 2 K is desirable in cold climate regions for a 'highly insulated house'. This Q eq encompasses the heat loss rates through Fig. 10 Variation of Q eq with ventilation and leakage the walls, windows, roof and the floors including the house ventilation rates, and leakages. If H overall denotes the aggregate heat losses/gains (walls, roof, etc.), then the equivalent Q value can be estimated by:
where A floor is the floor area of the house. In addition to a Q eq value of nearly unity, recently (the year 2005) a new regulation for the building industry came into effect and the required standard for house ventilation is 0.5 times/hr. This standard has been forced on all newly constructed houses from the year 2005 to avoid the 'sick-house syndrome' caused by formaldehyde and other volatile organic compounds (VOC) from building materials. Application of these standards leads to a highly insulated and well-sealed house. Assuming various leakage loss rates and effectiveness of the heat exchanger, detailed house heat loss model modelling was carried out to determine the variation of the Q value with insulation thickness. The enthalpy-based effectiveness of the ventilation system heat exchanger was assumed to be 0.8. This heat exchanger (cross-flow) transfers thermal energy from the warm, exhaust room air to the cold inlet ventilation air from outdoor. Figure 10 shows the performance of the house model on a clear day during the winter season. In Fig. 10 , the leakage airflow rate was assumed as 40% of that of room ventilation. It shows the variation of Q eq value with the house insulation thickness for three cases of house heat loss models, including both ventilation and leakages. The results show that an optimum insulation thickness of about 0.15 m is sufficient for this highly insulated and well-sealed 'model' house.
Simulations Results and Annual Energy Balances
1 System performance temperature profiles
In this section, the temperature profiles of all the systems during typical clear days are shown as an indication of the performance of the systems. Detailed numerical simulation models coded in Fortran 90 were developed for each renewable energy system configuration in order to predict the system performances. Actual insolation and ambient temperature profiles measured at the Kitami Institute of Technology were also applied to the simulation models. Only results for typical clear days during the winter season are shown. Figure 11 shows the profiles of the storage tank and collector outlet temperatures during a clear day in winter for the fully mixed tank system with PV/thermal collector (System 1). On a typical clear day during the winter season (also spring and autumn), the storage tank is maintained within 5
• C of the load supply temperature (40 • C) through the geothermal heat pump in order to satisfy early morning load demands. Figure 11 shows the limitations of the PV/thermal collectors in very cold climate regions such as Kitami. The operational time of the PV/thermal collector is less than 3 hours before shut-down due to excessive low ambient temperatures and low intensity of solar radiation. Similar observations are also apparent for the stratified tank system (System 2) as shown in Fig. 12 . Apart from low collector flow rates associated with stratified tank systems which lead to lower plumbing and running costs, the other advantage of this system is the confinement of the thermal energy from the heat pump to the topmost layer which leads to a slightly higher hot water supply to the load and the reduction of GHP operations compared to System 1 in Fig. 11 . Furthermore, the solar collector can be operated at a lower temperature from the bottommost node, thereby improving the system efficiency. Figure 13 shows the performance of the double storage tank system (System 3) on a clear day during winter. The superiority of the double storage tank system becomes evident when Fig. 13 is compared with Fig. 11 of System 1. For System 3 with double tanks, the collector can be operated with higher efficiency by routing the input into the collector from the lower temperature second tank. Thus, the solar collector can be operated much earlier in the morning and also later in the day than when a single, larger tank is used. Furthermore, a smoother and more stable load supply can be achieved during very large withdrawals around 8:00PM as compared with Fig. 11 of System 1. In System 4 there are only PV panels mounted on the roof for electricity generation. Only the geothermal heat pump charges the single thermal storage tank. Figure 14 shows the performance of this system during a winter clear day. Figure 15 shows the performance of electric heater storage tank system (System 5) during a clear day in winter. Tank 2 is charged with the geothermal heat pump and the auxiliary boiler is only used when the thermal energy input from the heat pump is inadequate for room heating due to prolonged cold spells. In this system, the mass of hot water in Tank 1 is not immediately replenished during hot water withdrawals from the tank. The tank is only refilled prior to charging for the next day's load supply. The variation of the mass of hot water in Tank 1 during the day is also shown in Fig. 15 and it can be seen that Tank 1 is almost empty after the last withdrawal is made at about 9:00PM.
2 Running cost and greenhouse gas emissions
Annual energy balances, running costs and GHG emission rates were computed for each renewable energy system design. The annual energy balances for all the system configurations are shown in Fig. 16 . The thermal energy input from the geothermal heat pump is quite significant for all the system configurations and this highlights one of the advantages of the use of renewable energy sources. In all the systems, more than 50% of the total thermal energy consumptions were achieved through the use of the geothermal heat pump. For System 2, the use of the thermally stratified tank resulted in some reductions in the operations of the geothermal heat pump and the auxiliary boiler because of the confinement of the heat pump input to the topmost layer of the storage tank. In System 3, the use of two storage tanks instead of a single, larger tank led to an increased annual collector energy gain of about 38%. However, since the additional thermal energy stored in the second, smaller tank is a low-grade thermal energy collected early in the morning and later during the day, the instantaneous charging temperature of the 'high tank' was not high enough to significantly reduce the operations of the geothermal heat pump and the auxiliary boiler. Figure 16 also suggests that the absence of the PV/thermal collector for charging the storage tank in System 4 as compared to System 1 has no significant effect on the annual energy balances of the two system configurations. It shows that the geothermal heat pump can be configured to charge the storage tank successfully instead of the PV/thermal collector. Also from Fig. 16 , the consumption of fuel oil through the oil-fired boiler was almost completely eliminated for System 5 since all the room heating can be done with the geothermal heat pump. Figure 17 shows the comparison of GHG emissions and the running cost of System 1 with an equivalent conventional system. For every renewable energy design configuration, an equivalent conventional system was defined and refers to an analogous system that lacks the renewable energy components but which nevertheless must satisfy all the load requirements of the particular renewable energy system through conventional means like fossil fuels. Comparisons of GHG emissions and the running cost between renewable and non-renewable energy systems are also shown for System 2 ( Fig. 18), System 3 (Fig. 19) , System 4 ( Fig. 20) , and System 5 (Fig. 21) . The GHG emission rate from electricity depends on the composition of energy sources used to generate electricity. The energy sources in Hokkaido Electric Power Company consist of coal (31%), petroleum (24%), and non-fossil fuel sources (45%). It was assumed that the carbon emissions from coal were 1.2 times greater than that of petroleum at the same energy output. The rates used for GHG emission computations were 0.119 1 kg-C/kWh for electricity and 0.07 kg-C/kWh for fuel oil. The emission rates given above were actually computed using the ratio of the molecular weight of carbon to the total molecular weight of the energy source compositions. In the case of fuel oil, the Low Heating Value (LHV) of the fuel combustion (44 MJ/kg) was used and the mean fuel composition of light oil which is n(CH 2 ) was assumed. For the electricity emission rates, the power plant utilization efficiency and electricity transmission efficiency were assumed as 38% and 95% respectively, which are consistent with actual values used by the Hokkaido Electric Power Company. Carbon emissions from non-fossil fuel sources were ignored. Ignoring these trace emissions from non-fossil fuel sources actually lead to slight under predictions of emission rates from electricity sources. Carbon emission rates from electricity presented by the Hokkaido Electric Power Company (17) as at 2004 are 0.53 kg-CO 2 /kWh which corresponds to 0.143 6 kg-C/kWh. The rates given the power company likely include trace amount of emissions from non-fossil fuel sources. Various reductions of GHG emissions can be seen in Figs. 17 to 21 for all the system configurations as compared to equivalent conventional systems. The lowest annual GHG emissions of about 500 kg-C/year was recorded for System 2 with the stratified tank because of the relatively low electricity usage caused by reduced heat pump operations. In Systems 1 to 3 (Figs. 11 to 13), it is evident that the PV/thermal collector is not useful in collecting thermal energy during the winter season Table 2 Electricity rates and most of the thermal energy must be supplied using the GHP.
The running costs of the systems depend on the prevailing electricity billing rates in the area of location of the systems. The electric power rates of Hokkaido Electric Power Company (17) , shown in Table 2 were used for the running cost computations. System 5, with an electrically heated high temperature storage tank and a small and compact boiler/heat pump tank, has the highest annual running cost compared to other system configurations because of the sustained used of the electric heater to charge the high temperature tank during the winter season. However, this system is quite attractive because of the near complete elimination of the use of fuel oil (only about 39 kWh per year) for the boiler. Although the merits in the near-elimination of fuel oil use in this system may seem to be completely nullified by the increased use of electricity as compared to other systems (Fig. 21) , this system is still more economical than the rest of the options and holds a lot of promise because the near-absence of fuel oil ensures that the running cost of the system is not unduly affected by the vagaries of global oil prices. Furthermore, System 5 is very simple because of the absence of the PV/thermal collector which in the long term, lowers the maintenance costs as compared to the other systems with PV/thermal collectors.
Conclusions
Five different domestic-size renewable energy system designs for use in cold climate regions were investigated. The following conclusions were drawn from detailed numerical studies:
( 1 ) Using a 4-node thermally stratified storage tank arrangement instead of a fully mixed tank resulted in increased annual thermal energy gain from the PV/thermal collector of about 8% and substantial decreases in the energy requirements of the geothermal heat pump and the auxiliary boiler. This system is projected to have the lowest running cost and GHG emissions rates compared to other system configurations.
( 2 ) A double storage tank connected in series is more effective than a single, larger tank for efficient operation of the PV/thermal collector. Annual energy savings of about 38% was recorded for this system including reductions in the energy input from the geothermal heat pump and the auxiliary boiler due to the use of two storage tanks.
( 3 ) There was no marked difference between the performance of a renewable energy system with only PV panels for electricity production and only geothermal heat pump for thermal input into the storage tank (System 4), and an analogous system (System 1) that uses the PV/thermal collector to supplement the thermal input into the storage tank. This suggest that for thermal energy generation in very cold climate regions, the PV/thermal collector may be substituted by the geothermal heat pump without substantial increase in the running cost and GHG emissions.
( 4 ) A renewable energy system with PV panels for electricity production, a high temperature electric storage tank for hot water supplies and a smaller, compact boiler/geothermal heat pump tank for room heating holds a lot of promise for energy savings in cold climate regions. This system, with minimal use of fuel oil is very attractive for cold climate regions in view of the unstable nature of global fuel prices.
( 5 ) A house heat retention parameter value, designated an equivalent Q value of 1 W/m 2 K is desirable in very cold regions in order to minimize the heating loads during the cold seasons. Furthermore, to minimize the 'sick-house syndrome' occasioned by the use of VOC in building materials, the regulation of the house ventilation at 0.5 times/hr has been forced on newly constructed buildings. An optimum house insulation thickness of about 0.15 m for a model house was found to be adequate for a highly insulated house, with the house ventilation at 0.5 times/hour and a leakage loss of about 40% of the ventilation rate.
